NK-92 cells, and their derivative, designated aNK, were obtained from a patient with non-Hodgkin lymphoma. Prior clinical studies employing adoptively transferred irradiated aNK cells have provided evidence of clinical benefit and an acceptable safety profile. aNK cells have now been engineered to express IL-2 and the high affinity (ha) CD16 allele (designated haNK). Avelumab is a human IgG1 anti-PD-L1 monoclonal antibody, which has shown evidence of clinical activity in a range of human tumors. Prior in vitro studies have shown that avelumab has the ability to mediate antibody-dependent cell-mediated cytotoxicity (ADCC) of human tumor cells when combined with NK cells. In the studies reported here, the ability of avelumab to enhance the lysis of a range of human carcinoma cells by irradiated haNK cells via the ADCC mechanism is demonstrated; this ADCC is shown to be inhibited by anti-CD16 blocking antibody and by concanamycin A, indicating the use of the granzyme/perforin pathway in tumor cell lysis. Studies also show that while NK cells have the ability to lyse aNK or haNK cells, the addition of NK cells to irradiated haNK cells does not inhibit haNK-mediated lysis of human tumor cells, with or without the addition of avelumab. Avelumab-mediated lysis of tumor cells by irradiated haNK cells is also shown to be similar to that of NK cells bearing the V/V Fc receptor high affinity allele. These studies thus provide the rationale for the clinical evaluation of the combined use of avelumab with that of irradiated adoptively transferred haNK cells. 
Several checkpoint inhibitor anti-PD-1/PD-L1 monoclonal antibodies (MAbs) have recently been approved by the Food and Drug Administration (FDA) for indications in various cancer types including melanoma, lung cancer, and bladder cancer. 1, 2 Avelumab, an anti-PD-L1 MAb, has demonstrated clinical activity in studies in patients with a range of human cancers; [3] [4] [5] [6] [7] [8] [9] [10] [11] it has just been approved by the FDA for the treatment of Merkel cell and bladder carcinoma, and is in several Phase III studies in other indications. Despite the clinical success with anti-PD-1/PD-L1 MAbs, the majority of patients with carcinomas do not derive clinical benefit from these agents. Numerous preclinical and clinical studies are ongoing and planned concerning the use of these checkpoint inhibitor antibodies in combination with other forms of therapy, including other immunotherapeutics. [12] [13] [14] [15] [16] Avelumab and atezolizumab are unique among currently employed anti-PD-L1 MAbs in that they are fully human immunoglobulin IgG1s with a non-mutated Fc, which also renders them capable of mediating antibody-dependent cell-mediated cytotoxicity (ADCC). 17, 18 Several other MAbs currently employed in cancer therapy are also of the IgG1 isotype, including cetuximab, trastuzumab, and rituximab. While it is difficult to prove, evidence exists that, in addition to the ability of these antibodies to mediate anti-tumor activity by direct ligand receptor interactions, the ADCC mechanism may also be involved in anti-tumor effects. This is derived from reports that patients receiving cetuximab, trastuzumab, or rituximab, and whose natural killer (NK) cells express the high affinity CD16 valine (V) allele (V/V), experience better clinical outcomes than those with the lower affinity V/phenylalanine (F) and F/F genotypes. [19] [20] [21] [22] Reports vary as to what percentage of the population is of the V/V genotype, but most studies report approximately 10-20%. 23 An allogenic NK cell line engineered to express the high affinity (ha) CD16 allele has recently been reported. 24, 25 The haNK cell line is derived from NK-92 cells, which were derived from a patient with non-Hodgkin lymphoma. 24 A derivative of NK-92, designated aNK, has been employed in several clinical studies as an irradiated adoptively transferred agent. Up to 10 10 irradiated aNK cells repeatedly infused in patients have demonstrated safety and evidence of clinical benefit. 24, [26] [27] [28] The haNK cells described here have also been engineered to endogenously express IL-2; this property enables haNK cells to propagate in the absence of IL-2 and permits greater NK killing due to the replenishing of granzyme/perforin stocks. 29, 30 We report here the ability of the human IgG1 anti-PD-L1 MAb avelumab to enhance the lysis of a range of human carcinoma cells by irradiated haNK cells via the ADCC mechanism. These studies provide the rationale for the potential combined use of adoptively transferred irradiated haNK cells with the checkpoint inhibitor avelumab.
Material and Methods

Cell lines and cultures
The parental cell line NK-92 was originally established from a male 50-year-old patient with non-Hodgkin lymphoma, whose bone marrow was infiltrated with large granular lymphocytes (LGL). 31 The NK-92 and a clone of NK-92 designated aNK are dependent on IL-2 for proliferation. NK-92 cells were genetically modified to produce IL-2 in an autocrine loop, as well as to express a high affinity variant (V158) of the CD16 FcgRIII, and have been designated haNK cells. 24 haNK cells and aNK cells were provided by NantBioScience (Culver City, CA) through a Cooperative Research and Development Agreement (CRADA) with the National Cancer Institute, NIH. haNK cells are cultured in phenol free XVivo-10 medium (Lonza, Walkersville, MD) supplemented with 5% human heat-inactivated AB serum (Omega Scientific, Tarzana, CA) at a concentration of 5 3 10 5 /ml. Human tumor cell lines (H441: lung carcinoma; SKOV3: ovarian carcinoma; H460: lung carcinoma; HCC4006: lung carcinoma; SW403: colorectal carcinoma; MDA-MB-231: breast carcinoma; and HTB-4: bladder carcinoma) were purchased from American Type Culture Collection (Manassas, VA). All cultures were free of mycoplasma and maintained in RPMI-1640 supplemented with 10% FCS, 100 U/ml penicillin, 100 lg/ml streptomycin, and 2 mM L-glutamine (Mediatech, Herndon, VA). Peripheral blood mononuclear cells (PBMCs) from healthy donors were obtained from the NIH Clinical Center Blood Bank (NCT00001846). PBMCs from three breast cancer patients were obtained from a clinical trial at the National Cancer Institute (NCT00179309).
Antibodies
The anti-PD-L1 MAb avelumab and matching IgG1 isotype control were obtained from EMD Serono (Rockland, MA) as part of a CRADA with the National Cancer Institute, NIH. Cetuximab (Bristol-Myers Squibb, Princeton, NJ) was obtained from the NIH Pharmacy.
Evaluation of haNK cell cytokine production
Culture supernatants were evaluated for secretion of IFN-g, IL-10, IL-2 and IL-8 using a multiplex cytokine/chemokine kit (Meso Scale Discovery, Gaithersburg, MD). In-oxyquinoline (GE Healthcare, Chicago, IL) at 378C for 20 min and used as targets at 2-3,000 cells/ well in a 96-well round-bottom culture plate at various effector to target cell (E:T) ratios as indicated. For ADCC experiments, the targets were first incubated for 30 min with the test MAb and isotype control MAb before the haNK cells were added, as previously described. 17 The plates were incubated for 4 hr or 18 hr at 378C in a humidified atmosphere containing 5% CO 2 , then harvested and counted on a Wizard 2 gamma counter (PerkinElmer, Shelton, CT). All samples were tested in triplicate and specific lysis was calculated from the average. Spontaneous release was determined by incubating targets with medium alone; complete lysis was determined by incubating targets with 0.05% Triton X-100 (Sigma-Aldrich, St. Louis, MO). Specific lysis was determined using the following equation: Percent lysis 5 (experimentalspontaneous)/(complete -spontaneous) 3 100. For the blocking experiments, irradiated haNK cells were preincubated for 2 hr with either anti-CD16 antibody (50 mg/ml, clone B73.1, eBioscience, San Diego, CA) or concanamycin A (CMA; 200 nM, Sigma) before being used in lysis assays with the H460 human lung carcinoma cell line as a target at a 25:1 E:T ratio. Both NK lysis and ADCC assays mediated by avelumab or cetuximab were performed in 4-hr or 18-hr 111 In release assays as indicated.
ADCC assay and blocking experiments
CD16 (FccRIIIa) genotyping
DNA was extracted from the PBMCs of healthy donors using a QIAamp DNA Blood Mini kit (Qiagen, Valencia, CA), and stored at 2808C until use. The polymorphism of CD16 at amino acid position 158 that is a valine (V) versus phenylalanine (F) was determined using allele-specific droplet digital polymerase chain reaction (ddPCR) employing the TaqMan array for CD16 (rs396991; Life Technologies, Waltham, MA). 23, 32, 33 A master reaction mix was prepared, and 1 ll of genotyping DNA was added. The PCR reaction was performed on a Bio-Rad T100 thermal cycler (Bio-Rad, Hercules, CA) for 40 cycles at 958C for 10 min, 948C for 30 sec, and 608C for 1 min. The plate was read on a Bio-Rad QX200 droplet reader. Data were analyzed with Bio-Rad QuantaSoft v.1.5 software.
RNA analysis
haNK cells were cultured and untreated, or irradiated with 10 Gy of gamma radiation 24 hr prior to RNA extraction. Total RNA was extracted from 1 3 10 6 cells per sample, using an RNeasy Mini kit, from Qiagen. Each sample was adjusted to 330 ng in 10 ml of total RNA. Nanostring analysis of the isolated RNA was completed with the nCounter PanCancer Immune Profiling Panel (NanoString Technologies, Seattle, WA), run by the Genomics Laboratory, Frederick National Laboratory for Cancer Research, Frederick, MD. Raw data files (RCC) and reporter library files (RLF) were uploaded into nSolver analysis software, version 3.0.22, 2011-2016 (NanoString). The nCounter Advanced Analysis-Quick Analysis (nSolver, NanoString) was used to analyze the raw data. The covariates selected represent the treatment of haNK cells (irradiated and non-irradiated). Non-irradiated samples were used as the categorical reference values. Normalization of raw data was calculated through the geNorm algorithm, which chose the most consistently expressed housekeeping genes for dataset normalization. Differential expression by multivariate linear regression included significant changes by p values and log2 fold change. Genes with differential expression that had statistical significance of p < 0.05 were selected. All genes with consistent upregulation by treatment, in both of the independent experiments, were included in further analyses. A cutoff of log2 fold change > 0.75 was applied to genes downregulated by treatment. Data output of the top genes, including their log2 fold change in differential expression, was uploaded into Ingenuity Pathway Analysis (IPA), version 31813283 (Qiagen) for further investigation. The IPA-Core analysis revealed the top five relevant Diseases and Biological Functions as well as the top five relevant upstream molecules, by p values of overlap. Agglomerative clustering of normalized data was used to generate a heat map of the top genes by nSolver Java TreeView, nSolver analysis software, version 3.0.22, 2011-2016 (NanoString). Analysis properties included the z scores transformation of genes and Euclidean distance analysis, which calculated the mean distance between cluster elements. Samples and genes were run as an ordered data set and all samples were included in one analysis allowing for cross comparison between independent experiments.
Statistical analyses
Statistical analyses were performed in GraphPad Prism 7 (GraphPad Software, La Jolla, CA), using multiple t-tests, with a desired false discovery rate of 1.00%.
Results
A prior report described the phenotype of haNK cells prior to a post-lethal irradiation (10 Gy) and demonstrated that irradiated haNK cells express high levels of perforin, granzyme, CD107a, as well as other NK markers, including some expression of PD-1, PD-L1, NKG2D, Tim3 and 4-1BB. 25 We have now evaluated the effect of 10 Gy irradiation on RNA expression in haNK (Fig. 1) . Total RNA from non-irradiated and irradiated haNK cells from two independent experiments was analyzed with the nCounter PanCancer Immune Profiling Panel (NanoString). The nCounter Advanced AnalysisQuick Analysis (nSolver, NanoString) revealed differentially expressed genes due to 10 Gy irradiation exposure. Ninetyeight genes had a statistically significant change in gene expression due to irradiation, with 76 downregulated and 22 upregulated. The Heat Map Analysis (nSolver, NanoString; the top five diseases or biological functions for upregulated and downregulated gene sets were identified by Ingenuity Pathway Analysis (Qiagen; Figs. 1b and 1c) . Genes with upregulated expression following irradiation of haNK cells are predicted to be governed by CTLA4, NOTCH1, CFLAR, VIP and PTX3. Upregulated genes are involved in the activation of leukocytes and lymphocytes as well as the migration of lymphatic system cells, the immune response of cells and the proliferation of blood cells.
Since any clinical application of haNK will involve the use of lethally irradiated cells, all studies reported below were conducted with irradiated haNK cells. Non-irradiated and irradiated haNK cells (10 Gy) were evaluated for cytokine production in supernatant fluids over a 48-hr period (6, 12, 24, 48 hr; Supporting Information Fig. 1 ). Increased levels of both IFN-g and IL-8 were produced by irradiated haNK cells versus non-irradiated haNK cells. haNK cells continued to produce IL-10 and IL-2 at 6, 12, 24, and 48 hr postirradiation, albeit at lower levels than non-irradiated haNK cells (Supporting Information Fig. 1 ). Levels of TNF-a were below the level of detection of assays in both irradiated and non-irradiated haNK cells. haNK cells were engineered to express IL-2 for two reasons. The first is to negate the need for the use of exogenous IL-2 for cell proliferation. The other reason is that IL-2 has been shown to replenish the granular stock of NK cells and thus enhances the granzyme-mediated C3AR1, CASP8, CTLA4, FYN, HLA-DMB, IL15, IL18R1, INPP5D, ITGAM, ITGB1, KIT,  KLRB1, LILRB2, LYN, NCR1, PSEN2, PTPRC, SPP1, STAT4, TIGIT, TLR6 ). The NF-jB complex was predicted to be affected by irradiation as IRAK1 and IKBKG were upregulated and IL18R1 and INPP5D were downregulated. Additionally, FOS, a nuclear phosphoprotein important for the AP-1 transcription factor complex, was upregulated by irradiation. Downregulated genes include those associated with immune cell activation by the Src tyrosine kinases: FYN, LYN, and PTPRC. Downregulated genes involved in immune-regulation include CTLA4, HLA-DMB and TIGIT, whereas LAG3 was found to be upregulated. NK cell-related genes that were downregulated include KLRB1, TIGIT and NCR1, whereas IL12RB1 was upregulated by irradiation. lysis of potentially "exhausted" NK cells; it is this phenomenon that led to prior studies showing that NK cells can be "serial killers," that is, lysing greater levels of target with time. 29, 30 Studies were thus conducted to determine if avelumab-mediated ADCC of haNK cells would enhance with longer exposure to targets. As seen in Figure 2a , haNK alone lysis of H460 human lung carcinoma cells increased from 4 to 18 hr at each E:T ratio (IgG, black squares); avelumabmediated ADCC of H460, moreover, also increased from 4 to 18 hr at each E:T ratio (blue circles). A human IgG1 was also used as an isotype control in all experiments to define that the ADCC-mediated lysis was indeed due to avelumab. In addition to IgG1 control antibody, assays were performed with no Mab in the wells, with identical lysis as the control antibody. Therefore, only the control IgG1 antibody is shown. Similar results were also seen in lysis in 4-versus 18-hr assays employing as a target the human cervical cancer CaSki cell line (Fig. 2b) . Additional studies also showed similar results employing five other human cell lines (Figs. 2c-2g ). Studies evaluating ADCC at a range of concentrations of avelumab showed similar tumor lysis results due to antibody saturation.
Studies were conducted to determine if the enhanced lysis of tumor cells by the addition of avelumab to haNK cells is indeed classic ADCC. ADCC is mediated by the interaction of CD16 on NK cells with the Fc receptor on IgG1 human antibodies. As seen in Figure 3a , the addition of anti-CD16 blocking Ab inhibited the avelumab-mediated haNK lysis of tumor cells, while not inhibiting the endogenous haNK lysis. The anti-CD16 concentration was determined from titration curves. Lower anti-CD16 concentrations did not block ADCC, possibly due to the high expression of CD16 on haNK cells. CMA is known to inhibit granzyme/perforinmediated lysis by NK cells. As seen in Figure 3b , lysis of tumor cells by haNK cells, with or without avelumab, is also greatly inhibited by the addition of CMA.
To determine the number of targets killed per effector cell, we used an 111 In release assay at low E:T ratios in order for each effector cell to have access to excess target cells. As seen in Figure 3c , there was low killing frequency of NK cells from HD5 (on average 149 NK cells were required to kill one tumor target cell). In contrast, only 27 haNK cells were required to kill one tumor target cell (p 5 0.007). It should be noted that NK cells from other healthy donors may have higher killing frequencies. Avelumab increased killing capacity of HD5 eightfold by ADCC (p 5 0.002), while avelumab increased haNK cell killing frequency by 1.7-fold (p 5 0.009). Results shown are the averages (SD) of triplicate measurements from one of at least three comparable repeat experiments. Multiple t-tests were used to compare each avelumab dose with IgG control at all E:T ratios. *** p < 0.001, ** p < 0.01, * p < 0.05.
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Future studies are planned to adoptively transfer irradiated haNK cells (with or without ADCC mediating IgG1 human antibodies such as avelumab); experiments were therefore conducted to determine if healthy donor NK cells would lyse irradiated haNK cells as targets. In these experiments, aNK cells, from which haNK cells were derived, were also used as targets. Irradiated aNK cells have been adoptively transferred in several clinical studies with evidence of clinical benefit to some cancer patients, and with minimal/ acceptable toxicity with multiple infusions of up to 10 10 cells. As seen in Table 1a , NK cells from a healthy donor were able to lyse both irradiated aNK and irradiated haNK cells as targets with lysis increasing with time. NK cells from three additional donors gave similar but slightly variable results. As seen in Table 1b , the addition of avelumab or cetuximab did not increase the aNK or haNK lysis seen at 18 hr. Similar results were seen using NK cells from four additional donors.
In light of the previous findings, experiments were conducted using purified NK cells from four healthy donors and three cancer patients to determine if the presence of NK cells would inhibit the lysis of tumor cells by haNK cells, or by avelumab plus haNK cells (ADCC) in an 18-hr assay. Figure  4a shows representative results employing NK cells from one healthy donor with the CD16 FF allele. MDA-MB-231 breast carcinoma cells were employed as targets. In these studies, the concentration of viable NK cells used is based on the concentration of NK cells in the periphery (1-6%). Irradiated In-labeled H460 target cells at low E:T ratios for 18 hrs. % specific lysis was used to calculate killing frequency by dividing the number of target cells killed by the number of effector cells used for the 0.625:1 ratio. *** p < 0.001, ** p < 0.01, * p < 0.05. Figure 2. (a, b) Using MDA-MB-231 cells as targets, haNK cells were used at a 5:1 E:T ratio (blue), NK cells were used at a 50:1 E:T ratio (white), and NK cells and haNK cells were combined at a 10:1 ratio, resulting in an overall E:T ratio of 55:1 (grey) to mimic NK:haNK ratios in the blood after infusion of 10 8 haNK cells to a 70 kg patient. (c-f) Using MDA-MB-231 cells as targets, haNK cells were used at a 5:1 E:T ratio (blue), NK cells were used at a 5:1 E:T ratio (white), and NK cells and haNK cells were combined at a 1:1 ratio, resulting in an overall E:T ratio of 10:1 (grey) to mimic NK:haNK ratios in the blood after infusion of 10 9 haNK cells to a 70 kg patient, showing the results for the healthy donor in c and d, and the results for the cancer patient in e and f. (g, h) An additional tumor cell line, CaSki, was used as a target with NK cells from the cancer patient as effectors. haNK cells were used at a 5:1 E:T ratio (blue), NK cells were used at a 5:1 E:T ratio (white), and NK cells and haNK cells were combined at a 1:1 ratio, resulting in an overall E:T ratio of 10:1 (grey) to mimic NK:haNK ratios in the blood after infusion of 10 9 haNK cells to a 70 kg patient.
haNK cells were used at a concentration that would be equivalent to infusing 10 8 irradiated haNK cells in a 70 kg patient. Thus the ratio of viable NK to irradiated haNK in these experiments was 10:1. The E:T ratio was five haNK cells to one tumor target (MDA-MD-231). In wells with both haNK cells and NK cells, the total E:T ratio was therefore 55:1. While the percentage of lysis seen with the admixture of irradiated haNK and NK cells was not quite additive to the sum of NK and haNK lysis, the endogenous lysis of tumor cells by irradiated haNK cells was not inhibited by the presence of viable NK cells (Fig. 4a) . Moreover, the addition of avelumab to haNK-mediated ADCC of tumor cells was not inhibited by the presence of viable NK cells (Fig. 4a) . Since EGFR is also expressed on MDA-MB-231 breast carcinoma cells, we conducted similar experiments using cetuximab to mediate ADCC with haNK cells in the presence of NK cells (Fig. 4b) , with results similar to those seen with the use of avelumab. We then conducted similar studies in which the ratio of viable NK cells to irradiated haNK cells was 1:1. This would simulate the ratios of NK and haNK cells if 10 9 irradiated haNK cells were inoculated into a 70 kg patient. As seen in Figures 4c and 4d , similar results were obtained at the 1:1 ratio of NK to haNK cells as with the 10:1 ratio. Results employing avelumab to mediate ADCC are shown in Figure  4c , and cetuximab to mediate ADCC with haNK cells in Figure 4d , both in the presence of NK cells. The results shown are representative of results using NK cells from three additional donors (the results from one of these are shown in Supporting Information Fig. 2) .
Similar studies were also conducted with NK cells isolated from three patients with metastatic breast cancer, using the ratio of NK:haNK cells if 10 9 haNK cells were infused into a 70 kg patient thus, as mentioned above, giving an NK:haNK ratio of 1:1 in the presence of tumor target cells. The genotype for CD16 was not known for these patients. For these studies, both MDA-MB-231 breast carcinoma cells (Figs. 4e and 4f) and CaSki cervical carcinoma cells (Figs. 4g and 4h ) were used as targets. As described above using NK cells from healthy donors, the percentage of lysis seen with the admixture of irradiated haNK and NK cells was not additive to the sum of NK and haNK lysis, but the endogenous lysis of tumor cells by irradiated haNK cells was not inhibited by the presence of viable NK cells. Moreover, the addition of avelumab to haNK-mediated ADCC of tumor cells was not inhibited by the presence of viable NK cells (Figs. 4e and 4g ). Since EGFR is also expressed on both MDA-MB-231 and CaSki cells, we used cetuximab to mediate ADCC with haNK cells in the presence of NK cells (Figs. 4f and 4h) , with results similar to those seen with the use of avelumab. These results are representative of results using NK cells from two additional cancer patients (the results from one of these are shown in Supporting Information Fig. 2 ).
Studies were also conducted to rule out lysis of the tumor cells by avelumab alone in these experiments. As seen in Figure 5a , no lysis of breast carcinoma tumor cells by avelumab alone is seen, but avelumab does enhance irradiated haNKmediated tumor cell lysis. As haNK cells express PD-L1, 25 studies were also conducted to determine if irradiated haNK cells could lyse as targets viable 111 In-labeled irradiated haNK cells. As shown in Figure 5b , no haNK fratricide was observed with or without the addition of avelumab. haNKmediated lysis, with or without avelumab, of MDA-MB-231 human breast carcinoma cells was employed as a positive control.
Discussion
The studies reported here take advantage of the unique properties of two potential immunotherapeutics for use in combination. The anti-PD-L1 fully human IgG1 avelumab mediates ADCC 17 and the haNK cells express the high affinity CD16, which enhances ADCC activity. 25 Avelumab has demonstrated clinical benefit in a range of human tumor types. [3] [4] [5] [6] [7] [8] [9] [10] [11] Since PD-L1 is also expressed on some normal immune cell subsets, a careful evaluation of 123 different immune cell subsets in patients' peripheral blood was carried out prior to and post one, three, and nine cycles of avelumab, and no statistically significant changes in any subset were observed, including those subsets expressing PD-L1. 34 Moreover, no toxicity above that observed with other anti-PD-L1 MAbs was seen. 35, 36 Studies 37 also showed that the addition of avelumab to in vitro assays also enhanced antigen-specific T-cell responses.
Since the NK-92 cells, from which haNK and aNK cells were derived, were originally obtained from a patient with non-Hodgkin lymphoma, 31 all aNK clinical studies were carried out with lethally irradiated cells prior to adoptive transfer; all potential clinical studies with haNK cells will also be carried out with lethally irradiated cells. Thus, all the experiments reported here with haNK or aNK cells were carried out with lethally irradiated cells.
The effects of irradiation on gene expression governing haNK cell function revealed genes that were differentially expressed post versus pre-irradiation that may have implications for haNK cell function. Multiple differentially expressed genes identified here have previously been associated with irradiation. For example, irradiation has been shown to increase oxidative stress, which activates inflammatory functions such as those governed by NF-kB signaling and the AP-1 complex. 38, 39 Genes involved in the transcription factor regulation of immune components, such as those associated with NF-kB, were identified as differentially expressed in haNK cells by irradiation exposure. It has been shown that irradiation of the parent NK-92 cells halted their proliferation while both cytotoxicity and immune signaling functions remained intact. 24, 31 In the studies reported here, performed 24 hr post-irradiation of haNK cells, the genes that were differentially expressed may have implications for therapeutic use. Downregulation of killer cell lectin like receptor B1 (KLRB1) may be beneficial as this receptor plays a role in the inhibition of NK cell cytotoxicity. 40 Natural cytotoxicity triggering receptor 1 (NCR1), however, supports NK cell cytotoxicity 41, 42 and is also downregulated by irradiation. The upregulation of interleukin 12 receptor, beta 1 (IL12RB1) may indicate an enhanced response to pro-inflammatory cytokines such as IL-12, supporting an effective antitumor response. Irradiation of haNK cells also reduced expression of three immunoregulatory genes, CTLA4, HLA-DMB, TIGIT, and the increased expression of one, LAG3. These changes, taken together, may result in greater lytic activity of haNK cells. The studies reported here also show the continued production of both IL-2 and IL-10 for 48 hr post-irradiation, but at lower levels than non-irradiated haNK cells. Levels of production of IL-8 and IFN-g, on the other hand, were greater for up to 24 hr in irradiated haNK cells versus non-irradiated haNK cells.
It is not surprising that NK cells derived from healthy donors or cancer patients would lyse irradiated aNK or haNK cells since the parent NK-92 cells were derived from a cancer patient. The experiments shown in Table 1 demonstrate that neither avelumab nor cetuximab enhanced this NK-mediated lysis. This was important to show because haNK cells do express PD-L1. As a consequence of this finding, studies were conducted to determine whether the NK lysis of haNK cells would inhibit lysis of the tumor cells by haNK cells, with or without avelumab. Multiple studies toward this end were carried out using concentrations of NK cells found in the periphery and concentrations of haNK cells in the periphery if 10 8 or 10 9 irradiated haNK cells would be adoptively transferred. Representative results are shown in Figure 4 (and Supporting Information Fig. 2) , where it can be seen that the presence of viable NK cells from either healthy donors or cancer patients displayed little if any inhibition of tumor cell lysis by irradiated haNK cells. It should also be noted that several clinical studies have been carried out with these amounts (10 8 and 10 9 ) of aNK cells adoptively transferred multiple times with minimal toxicity and clinical responses observed. 24, [26] [27] [28] Experiments described here (Fig.  5b) showed no haNK fratricide, i.e., the ability of haNK cells to lyse haNK cells. Prior studies 25 have shown that the IgG1 MAbs trastuzumab, pertuzumab, and cetuximab can enhance haNK cell lysis of tumor cells via the ADCC mechanism.
As mentioned above, there are reports showing clinical benefit in patients undergoing therapy with other IgG1 MAbs such as cetuximab, 19, 22 trastuzumab 21 or rituximab 20 whose NK cells express the high affinity CD16 V/V allele. On the other hand, there are also reports that no such benefit exists. 23, 43 These conflicting results may be due to multiple factors, including (i) the assays used to detect the V/V and the other CD 16 alleles, (ii) the amount of ligand seen by the ADCC-mediating antibody on tumor cells and (iii) other factors of tumor cell phenotype, such as MHC class I and MICA. We have previously evaluated the influence of levels of MICA, MHC class I, and PD-L1 on tumor cells and if this influenced haNK lysis or avelumab/haNK-mediated ADCC, and no apparent strong correlations were seen. It has been previously shown that high levels of MHC on tumor cells can inhibit NK-mediated lysis via interaction with the inhibitor killer immunoglobulin-like receptor (KIR) on NK cells. Since NK-92, aNK, and haNK cells express extremely low levels of KIR, lysis of MHC class I positive tumor cells was observed. Future studies will involve a more comprehensive analysis of tumor cell phenotype employing RNA sequencing and immunome studies of both tumor targets and irradiated haNK cells to help define which tumor cell phenotype is more amenable to haNK or haNK plus avelumab-mediated lysis.
Prior studies have shown that separate mechanisms are involved in tumor cell lysis mediated by NK cells versus T cells. Phase I/II studies with irradiated haNK cells will be required prior to combination therapy with avelumab. The potential combined use of avelumab with adoptively transferred irradiated haNK cells may provide these multiple mechanisms of tumor cell lysis, that is, the ability of avelumab to act as a checkpoint inhibitor and allow T-cellmediated tumor cell lysis, and the interaction of the Fc region of avelumab with the high affinity CD16 allele on haNK cells to enhance "NK" tumor cell lysis. The studies reported here demonstrate that avelumab can enhance haNK-mediated lysis of numerous carcinoma cell types and help to provide the rationale for future combination therapies employing these two immunotherapeutics.
